Analysis of large genomes is hampered by a high proportion of repetitive DNA, which makes the assembly of short sequence reads difficult. This is also the case in meadow fescue (Festuca pratensis), which is known for good abiotic stress resistance and it has been used in intergeneric hybridization with ryegrasses to produce Festulolium cultivars. In this work we describe a new approach to analyze the large genome of meadow fescue, which involves reduction of sample complexity without compromising information content. This is achieved by dissecting the genome to smaller parts -individual chromosomes and groups of chromosomes. As the first step, we flow-sorted chromosome 4F and sequenced it by Illumina with ~50x coverage. This provided the first insight into the composition of the fescue genome, enabled the construction of virtual gene order of the chromosome, and facilitated detailed comparative analysis with the sequenced genomes of rice, Brachypodium, Sorghum and barley. Using GenomeZipper, we were able to confirm collinearity of chromosome 4F with barley chromosome 4H and the long arm of chromosome 5H (5HL). Several new tandem repeats were identified and physically mapped using FISH. They were found as robust cytogenetic markers for karyotyping of meadow fescue and ryegrass species and their hybrids.
Introduction
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DNA sequences for F. pratensis. However, DArT markers are believed to originate primarily from genic regions due to a methyl-filtration step in the preparation of genomic representations. This was proved by blast analysis against EST and hypothetical proteins databases (Bartoš et al., 2011) . Thus, the DArT markers did not provide a complete insight into the genome composition. Recently, 454 transcriptome sequencing of two mapping parents of F. pratensis has been reported by Vigeland et al. (2013) .
Recent advances in next generation sequencing (NGS) technologies, which enable sequencing entire genomes, make it possible to analyze genome structure at high resolution and perform detailed comparative studies across species. NGS data have been widely used for molecular marker development, phylogenetic and ecological studies and analysis of transcriptomes using RNA-sequencing (Egan et al., 2012) . Unfortunately, the NGS of whole genomes has limited use in comparative genomic studies in species with no or poor genetic maps and in species for which a reference genome sequence are not available. In such cases, sequencing flow-sorted chromosomes was found as an extremely valuable approach. For example, NGS of sorted chromosomes has been used to study structural genome changes in cereals during their evolution and speciation. Mayer et al. (2009; used a novel approach called "GenomeZipper" to deduce the putative gene order in barley. This approach is based on the comparisons of chromosomal shotgun sequences against model genomes (rice, Sorghum and Brachypodium) to detect syntenic regions. Similarly, Wicker et al. (2011) , Vitulo et al. (2011) and Hernandez et al. (2012) used GenomeZipper for comparative studies of wheat homoeologous group 1, and wheat chromosomes 5A and 4A, with rice, Sorghum, Brachypodium and a virtual barley genome. This analysis revealed considerable restructuring of wheat chromosome 4A and confirmed the utility of this approach.
Besides the use of flow-sorted chromosomes for NGS, they can be used for several other applications. A number of chromosome-specific BAC libraries were constructed for hexaploid wheat and rye (Šafář et al., 2010) and many of these libraries are used for physical mapping (Paux et al., 2008) . Moreover, sorted chromosomes are valuable templates for cytogenetic mapping using FISH (Kubaláková et al., 2003; Suchánková et al., 2006) . Sorted chromosomes were also used as an efficient source of genetic markers for the saturation of genetic maps (Wenzl et al., 2010) .
In this study, we set out to explore the possibilities of applying chromosome genomics in F. 8 chromosome 4F. This yielded 25 ng purified DNA, which was used in three independent multiple displacement amplification (MDA) reactions providing a total of 12.1 µg (4.1 µg + 4.2 µg + 3.8 µg) DNA. For sequencing, individual samples of amplified DNA were combined to reduce a possible bias introduced by the MDA. A total of 4 µg MDA DNA from chromosome 4F were used for Illumina HiSeq 2000 sequencing. A total of 85,351,865 pairedend sequence reads with lengths of 101 bp were generated, yielding 28,553 Mb of sequence.
Considering the size of chromosome 4F at 543 Mb (Kopecký et al., 2010) , this represented ca 50x coverage.
The assembly of the Illumina paired-end reads was performed using SOAPdenovo (Luo et al., 2012) with different k-mer sizes (i.e. 21 -83 k-mer sizes). The assembly with the best L50 (70-mer, 132 bp) and a maximum contig length of 15,919 bp was chosen for further analyses.
The low L50 value, the large number of short contigs and the high amount of repetitive elements indicate a highly fragmented assembly. Removing the repetitive sequences from the assembly, the L50 value increases considerably (1623 bp). This suggests that the nonrepetitive genome space is well assembled and provides a useful resource for chromosome structure analysis, gene detection and construction of a virtual ordered gene map.
Gene content of chromosome 4F
To estimate the number of genes on 4F, sequence comparisons against the genomes of Brachypodium, rice and Sorghum were made. We used stringent BLASTX searches that required ≥75% (Brachypodium) / 70% (rice, Sorghum) sequence similarity over at least 30 amino acids (Table 1) . Between 2,629 and 3,056 significant matches were found. A total count of cumulative, non-redundant matches on 4F was 4,626. Considering the estimated molecular length of 4F at 543 Mb and the gene density on 4F representative for the entire meadow fescue genome (Kopecký et al., 2010) , this would scale up to 27,048 genes. There should be mentioned that this number does not consider the putatively non-homologous genes.
A virtual gene map of chromosome 4F
Because of the lack of suitable genetic markers for F. pratensis, 154 genetic markers from chromosome 4 of L. perenne were used as a backbone to construct a virtual gene map of chromosome 4F. L. perenne is closely related species, which evolved from Festuca about 2.2 MYA (Polok, 2007) . Out of the 154 L. perenne markers, 109 (70.8%) could be associated to 9 genes with conserved synteny under these conditions: (a) the best first hit with (b) a minimal alignment length of 30 amino acids and (c) an identity of 75% (Brachypodium) /70% (rice, Sorghum). A virtual ordered gene map was developed using GenomeZipper protocol (Mayer et al., 2011) . With this approach, we identified 4,672 loci from which 4,626 correspond to regions with conserved synteny in Brachypodium, rice and Sorghum (Table 1) . Among these, 1,515 (32.7%) loci were supported by genes in all three reference organisms, 855 (18.5%) in two of them and 2,256 (48.8%) genetic loci were supported by only one gene with conserved synteny (Fig 2) . The higher number of syntenic Brachypodium genes reflects a closer phylogenetic relationship of meadow fescue to Brachypodium than to rice and Sorghum.
Furthermore, 1,697 barley full length cDNAs were uniquely associated to either a marker sequence or at least one syntenic gene (Table 1) .
Comparative analysis of chromosome 4F with relatives
Using GenomeZipper, we performed a detailed comparative analysis of chromosome 4F with sequenced genomes of Brachypodium, rice, Sorghum and barley. An ancient translocation differentiates chromosome 4F from 4H of barley (Fig 3) . Chromosome 4F is collinear with entire chromosome 4H, but also with the terminal region of 5HL. Based on the position of genetic markers, the 5H syntenic segment on is in inverted orientation. For sequences generated from 4F, we identified in silico syntenic regions on Brachypodium chromosomes 1 and 4 (Fig 4) , rice chromosomes 3 and 11 ( Fig S1) and Sorghum chromosomes 1 and 5 ( Fig   S2) .
Comparative mapping results between physical maps of barley chromosomes 4H and 5H, Festuca 4F, Lolium 4L and wheat 4A show that the terminal segment originally from the ancestral chromosome 4 and now located at chromosome arm 5HL is not identical to the segment involved in the 4AL/5AL translocation (Naranjo et al., 1987; Fig S3) . Our observation is similar to that of Alm et al (2003) . The location of the corresponding segment from 5HL is found on short arms of Festuca 4F and Lolium 4L chromosomes (both carrying ancestral-type chromosome 4), while in wheat, the long arm of chromosome 4A is involved (Fig S3) . The 5H regions syntenic with 4F and 4A are from 127.96 cM and from 159.79 cM to the telomere (196.85 cM), respectively. While Lolium 4L and Festuca 4F appear structurally alike, a comparison of Festuca 4F against wheat 4A indicates numerous inversions and translocations (Fig 5) . The extensive collinearity between Lolium and Festuca along with the known genome structure of Lolium (Pfeifer et al., 2013) , suggest that the collinear 5HL segment on Festuca chromosome 4 represents a unidirectional translocation in www.plantphysiol.org on July 16, 2017 -Published by1 0 barley, rather than a reciprocal translocation. In case of reciprocal translocation, we would expect to observe some sequences being present in terminal region of 4HS and absent in 4F (Fig 3; Fig 5A) and 24% of the genes are found for two of the chromosomes and between 49% and 57% are found for only one of the chromosomes analyzed. Strikingly higher percentages of genes conserved in Festuca 4F but not for barley 4H and wheat 4A (30-47%) were found illustrating the higher degree of syntenic conservation on one hand and, at least in part, a closer evolutionary relationship of Festuca against the reference genomes used.
Repetitive DNA of chromosome 4F
With the aim to determine the major repetitive DNA constituents of chromosome 4F, repeat reconstruction was done on Illumina data representing 1x coverage of chromosome 4F (550 Mbp). Graph-based clustering resulted in 252,144 clusters containing 4,224,228 sequence reads (76%). 855 clusters contained at least 100 sequences, from which 450 clusters contained more than 555 sequences (0.01% of analyzed reads) (Fig S4) . The largest clusters were manually annotated using a combination of multiple approaches based on similarity searches against sequence databases and graph layout analysis. The aim was to identify tandem organized repeats useful as species specific and/or chromosome specific cytogenetic markers.
Annotation of the largest clusters led to classification of ~ 53 % of the 4F chromosome sequence. Largest clusters contained mainly Ty3/Gypsy-like elements, which were found to be the most abundant repeats (28.64% of analyzed sequence reads) of chromosome 4F.
Ty1/Copia-like elements represented less than 7% and DNA transposons represented about 3% of annotated sequences (Fig 7) . Interestingly, we were not able to characterize sequences within several large clusters which account for more than 8% of the analyzed sequence reads of chromosome 4F. These sequences can represent unknown DNA repeats and/or WGA 1 1 (whole genome amplification) artifacts (Fig 7) .
Based on the graph layout (Fig 8) , contigs derived from clusters containing putative tandem repeats were identified and further investigated using similarity dot-plot analysis (Fig S5) .
The analysis revealed presence of tandem or semi-tandem organized repeats in 43 clusters, which together represented about 2.71% of chromosome 4F sequence.
Experimental investigation of tandem organized repeats
Out of 43 in silico identified tandem repeats, sequences of 15 putative tandem repeats containing repetitive units of different length were investigated in more detail to study their organization in the Festuca and Lolium genomes (Table S1 ). A set of primers specific for tandem units was designed and used for preparation of probes for FISH and for Southern hybridization. PCR products obtained after amplification on genomic DNA of F. pratensis as the template DNA were sequenced using dideoxy-chain termination reaction to check their authenticity. Moreover, PCR was done on flow-sorted chromosomes of F. pratensis and on L.
perenne genomic DNA to verify species and/or chromosome specificity. The results showed that all tandem repeats were present in all chromosome peaks of F. pratensis flow karyotype and positive PCR products were obtained for all 15 selected tandem repeats also on Lolium genomic DNA (Table S1 ).
To confirm the tandem character of the repeats within the clusters, Southern hybridization was used to study the organization of repeats from the clusters which were successfully mapped on Festuca mitotic chromosomes using FISH (see below). A ladder-like pattern which is typical for tandem organized repetitive units was obtained for all 8 putative tandem repeats which gave visible signals after FISH (see below) ( Fig 9) . As shown in Fig 10 , the tandem repeats identified in sequences of chromosome 4F of F. pratensis are also present in the nuclear genome of L. perenne, even though at lower copy number.
Physical localization of repeats using FISH
Out of 15 tandem repeats tested (fpTR1 -fpTR15), we were able to physically map five fpTRs on chromosome 4F using FISH (Fig 9 ; Table S1 ). All of them produced hybridization patterns also on other chromosomes. Additionally, the other three fpTRs mapped on other chromosomes other than 4F (fpTR6, fpTR11 and fpTR12) (Table S1 ). This might be caused by the sensitivity of FISH. None of the fpTRs produced signal exclusively on 4F and thus, they cannot be considered as chromosome-specific. On the other hand, our observation opens www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2013 American Society of Plant Biologists. All rights reserved.
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a way for precise and robust molecular karyotyping of this species. As most of the fpTRs produced visible signals also on mitotic chromosomes of L. perenne and F1 hybrid L. perenne × F. pratensis (Fig 9) , the repeats may find even broader use as probes for FISH in cytogenetics of the Festuca -Lolium complex.
Using FISH, we were able to localize telomeric repeat on Festuca chromosomes.
Surprisingly, it produced signals not only in the telomeric regions of both chromosome arms of 4F, but also interstitially (Fig 9) . Such interstitial signals were also detected in chromosome arms 2FL, 5FL and 6FS. In general, FISH done on sorted chromosomes displayed higher sensitivity and produced more bands with higher resolution on individual chromosomes than on standard squashed preparations (Fig 9) .
Discussion
Despite their considerable economic importance, forage and turf grasses lag far beyond many other crops in terms of genetics, genomics and bioinformatics. The delay is due to many factors, but outcrossing character, population-based breeding and frequent aneuploidy do not multiflorum). Because of the genome complexity, any approach reducing sample complexity is welcome in genomic studies.
Partitioning the grass genomes
Analysis of a complex genome where a majority of DNA is represented by repeats can be simplified by several approaches. There are methods available which avoid sequencing of the repetitive parts of genomes. Of these, sequencing of cDNA to generate ESTs (Expressed Sequence Tags) is among the most successful. However, ESTs fail to sample rare or conditional transcripts (Martienssen et al., 2004) and other methods were proposed to target the gene space in large and complex genomes, such as Cot fractionation and methyl filtration (Rabinowicz et al., 1999; Petersen et al., 2002) . Unfortunately, the latter two methods did not meet the expectations.
Another alternative to tackle the complex genomes is to dissect them into smaller elements and sequence these elements individually. Working with naturally uniform and independent units -such as chromosomes -is perhaps the most powerful approach. In hexaploid wheat, Individual chromosomes can be isolated in two ways: by microdissection and flow-sorting.
Microdissection gives access to any chromosome or a chromosome segment. However, this is a very tedious approach and for all practical purposes the total yield is limited to only a few copies of a particular chromosome (Zhou and Hu, 2007) . On the other hand, flow cytometry can isolate high copy numbers of the same chromosome with purity usually exceeding 90%.
Flow sorting relies on differences in chromosome size or, rather, on the difference in relative fluorescence intensity. The output of flow cytometric analysis is a histogram of relative chromosome fluorescence intensity (reflecting chromosome size), which is called a flow karyotype (Fig 1) . Ideally, each chromosome is represented by a single peak on the flow karyotype. However, similarities in chromosome size within a genome usually result in the appearance of composite peaks representing two or more chromosomes. According to Doležel et al. (2009), there has to be at least a 10% difference in chromosome size to generate a separate peak on a flow karyotype. Unfortunately, in most plant species, chromosomes are not that different in size. In hexaploid wheat (21 chromosome pairs), the flow karyotype consists of only four peaks, and only one of those contains a single chromosome, 3B (Vrána et al., 2000) . Similarly, the genome of meadow fescue was dissected here into three peaks, where only one peak represented a single chromosome type (chromosome 4F). However, the plasticity of plant genomes (especially in polyploids) makes it possible to develop special cytogenetic stocks with reconstructed karyotypes. Single chromosome substitution lines of L.
multiflorum -F. pratensis, developed in our previous work, may provide an option for sorting other chromosomes of meadow fescue due to a sufficient difference in chromosome length (Kopecký et al., 2010) .
Virtual gene order on chromosome 4F
The GenomeZipper approach applied to individual chromosomes sequences is a powerful tool for comparative studies. It significantly increases the resolution level relative to genetic markers. In the previous report on the collinearity of the meadow fescue genome with rice, Sorghum, Lolium, oat, maize and Triticeae, a limited number of markers was used (Alm et al., 2003 
4F is an ancestral chromosome towards modern cereals
Based on the comparative analysis, chromosome 4F appears collinear with entire barley chromosome 4H as well as with the terminal region of the long arm of chromosome 5H (5HL) (Fig 3) . The observed homology of 4F to chromosome arms 4S, 4L, 5L from Triticeae is Chromosomes of Festuca and Lolium can be readily discriminated in hybrids using genomic in situ hybridization (Thomas et al., 1994; Kopecký et al., 2008b) . This method enables visualization of parental chromatin in any stage of the mitotic cycle in natural allopolyploids or synthetic wide hybrids (Schwarzacher et al., 1989) . It is assumed that this discrimination is based on the presence of abundant species-specific repetitive elements. From this perspective 
Conclusions
This is the first report on dissection of a complex and large forage grass genome using chromosome sorting. We sorted chromosome 4F of meadow fescue and sequenced it by
Illumina. This provided a unique and rich resource to study genome organization of the species. The sequence data was used to estimate gene content, construct virtual gene order and characterize repetitive elements. This approach provided an opportunity to describe synteny between chromosome 4F and genomes of model species (Brachypodium, rice, Sorghum and barley). Finally, we demonstrated the potential of sorted chromosomes for cytogenetic mapping of various repeats. Our results demonstrate that coupling the chromosome sorting and next generation sequencing technologies is a powerful approach, which provides insights on chromosome structure and evolution at superior resolution.
Material and Methods
Plant material
For chromosome sorting, seeds of meadow fescue (Festuca pratensis Huds., 2n=2x=14) cv.
Fure were obtained from Dr. Arild Larson, Graminor AS, Norway. Seeds were germinated in the dark at 25°C distributed in Petri dishes filled with distilled water for 5-7 days to achieve optimal root length (ca 2-3 cm). For additional in situ hybridization experiments, L. perenne cv. SR4220, F. pratensis cv. Fure, and a diploid F1 hybrid of L. perenne SR4220 × F.
pratensis cv. Skawa were used. The plants was transferred to a hydroponic culture of Hydroponex at 0.9 g/l (Hu-Ben, Č erčany, Czech Republic); after 5 to 7 days, actively growing root tips were collected to ice water for ~28 hours, fixed in a 3:1 mixture of absolute ethanol 1 7
and glacial acetic acid at 37°C for seven days, stained in 1% acetocarmine for two hours and squashed in a drop of 45% acetic acid on clean microscope slides (Masoudi-Nejad et al.,
2002).
Cell cycle synchronization and accumulation of metaphases
For chromosome flow sorting, synchronization of cell cycle and accumulation of metaphases in root tips were performed according to Vrána et al. (2000) . Distilled water in Petri dishes was replaced by Hoagland's nutrient solution (Gamborg and Wetter, 1975 ) with 1, 1.5 or 2 mM hydroxyurea (HU). After 18 h incubation, the solution was replaced by a HU-free
Hoagland's solution. Samples of root tips were taken at 1-h intervals for up to 6 hrs and the cell cycle synchrony and mitotic activity were examined under a microscope. To accumulate cells at metaphase, the seedlings were treated for 2 hrs with Hoagland's solution containing 5 μ M oryzalin after recovery from HU. Mitotic activity and metaphase frequency were analyzed on Feulgen-stained squash preparations.
Preparation of chromosome suspension
Chromosome suspension was prepared according to Doležel et al. (1992) with minor modifications. Seedlings were rinsed in deionized water and fixed in 2% v/v formaldehyde fixative made in Tris buffer supplemented with 0.1% w/v Triton X-100 at 5 °C for 20 min.
After washing in Tris buffer, about 150 root tips (ca 2 mm long) were cut and transferred to a vial tube containing 750 μ l LB01 buffer (Doležel et al., 1989) . The chromosomes were isolated after homogenization with a Polytron PT1300 homogenizer (Kinematica AG, Littau, Switzerland) at 20 000 rpm for 15 s. To remove large cellular fragments, the suspension was passed through a 50-μm pore size nylon mesh. Prior to flow cytometry, isolated chromosomes were stained with 4,6-diamino-2-phenylindole (DAPI) adjusted to a final concentration of 2µg/ml.
Chromosome analysis and sorting
Chromosome analysis and sorting were done on a FACSAria II SORP flow cytometer (BD Biosciences, San José, USA) equipped with a 100 mW 488nm laser for scattered light detection and a 100 mW 355 nm laser for DAPI excitation. Suspension of chromosomes was analyzed at rates of 800-1000 events/sec. Approximately 20,000 -50,000 chromosomes were analyzed in each sample. DAPI fluorescence was collected through 450/50 band-pass filter.
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To discriminate doublets, dot-plots of DAPI fluorescence area versus DAPI fluorescence width were used. To ensure high purities of sorted chromosomes, tight gate was created around the chromosome 4F population and chromosomes were sorted at rates of 4-6 chromosomes/sec. To evaluate purity of chromosome sorting, approximately 1,000 chromosomes were sorted onto microscopic slides and tested by FISH. For DNA amplification, 40,000 chromosomes were collected into individual tubes and stored at -20 °C until used.
Test of purity of sorted chromosomes using fluorescence in situ hybridization (FISH)
To identify 
Amplification and sequencing of chromosome 4F
Flow-sorted chromosomes were treated with proteinase and their DNA subsequently purified using Microcon YM-100 columns (Millipore Corporation, Bedford, USA) as described by Šimková et al. (2008) To analyze chromosomal rearrangements between Festuca and barley, chromosome 4F
contigs were compared against the physical map of the barley genome (Mayer et al., 2012) using BLASTX. Filtering criteria were adjusted to the evolutionary distance between F.
pratensis and H. vulgare (at least 85% identity and a minimum alignment length of 100 bp).
To test whether the observed Festuca chromosome 4/5 translocation is structurally identical www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2013 American Society of Plant Biologists. All rights reserved.
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as the 4/5 translocation found in Triticeae (Naranjo et al., 1987) , the Festuca 4F contigs, ordered gene scaffolds for wheat 4A and Lolium 4L and barley chromosomes 4H and 5H were compared by bi-directional BLAST hits and visualized using Circos (Krzywinski et al., 2009 ).
To estimate the number of conserved syntenic genes shared by wheat 4A, barley 4H and Festuca 4F, the Brachypodium, rice and Sorghum homologs contained in the individual linear ordered gene maps were compared to each other. A Venn diagram to illustrate shared genes in all three chromosomes was generated for each reference genome.
Repeat reconstruction and annotation
A random data set representing 1x coverage of chromosome 4F (550 Mb) was extracted from the Illumina data and used for reconstruction of repetitive elements using graph-based method according to Novák et al. (2010) using Louvain clustering algorithm (Blondel et al., 2008) .
Resulting clusters of sequence reads were manually annotated using several sources, including similarity searches with RepeatMasker; blastx and blastn programs were used for similarity search against public databases and also against the database of domains derived from plant mobile elements (http://repeatexplorer.umbr.cas.cz). Clusters represented as graphs were also analyzed using the SeqGraphR program (http://w3lamc.umbr.cas.cz/lamc/resources.php). Dotter (30) was used to confirm the presence of tandem organized repeats.
Physical localization of repeats using FISH
FISH on flow-sorted chromosomes was done according to Kubaláková et al. (2003) while the protocol of Masoudi-Nejad et al. (2002) was used for metaphase plates prepared from root tips of F1 hybrid. Probes were prepared for 15 putative tandem repeats (fpTR1 -fpTR15) identified in sequence data using PCR labeling with biotin-or digoxigenin-labeled nucleotides (Roche) and pairs of specific primers. For chromosome identification in metaphase of F1 hybrids, L. perenne and F. pratensis, we used a 5SrDNA probe accompanying with reprobing of slides with a 45SrDNA probe and a probe made from genomic DNA of L. perenne. The latter two probes were made using biotin-Nick Translation Kit and DIG-Nick Translation Kit (Roche), respectively. For the 45SrDNA probe, DNA clone pTa71 (Gerlach and Bedbrook, 1979 ) containing a 9 kb EcoRI fragment of wheat ribosomal DNA, which carries the 18S-5.8S-26S cluster of ribosomal RNA genes was used. The probe for 5SrDNA was prepared using PCR with a pair of specific primers (RICRGAC1, RICRGAC2), which amplify 303 bp in rice (Fukui e al., 1994) , using rice genomic DNA as a template. Additionally, a probe for www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2013 American Society of Plant Biologists. All rights reserved. 1 telomeric repeats was prepared using PCR with (AGGGTTT) 3 and (CCCTAAA) 5 primers without a template. Reprobing was done as described by Schwarzacher and Heslop-Harrsion (2000) . Probe hybridization signals were detected by Anti-DIG-FITC and avidin-Cy3 conjugates, and counterstaining was by 0.2 mg/ml DAPI in Vectashield antifade solution (Vector Laboratories). Slides were evaluated with Olympus AX70 microscope equipped with epi-fluorescence and a SensiCam B/W camera. ScionImage and Adobe Photoshop software were used for processing of color pictures.
Southern hybridization
Aliquots of genomic DNA samples corresponding to 3 x 10 8 of the nuclear genomes of F.
pratensis Huds. cv. Fure and L. perenne cv. SR4220 were digested using restriction enzymes
HeaIII, MseI and EcoRI, size-fractionated by 1.2% agarose gel electrophoresis and transferred to Hybond N+ nylon membranes (Amersham, USA). Probes specific for selected putative tandem repeats were amplified using specific primers (Table 1) 
Tables Table 1 -GenomeZipper results
General overview of the GenomeZipper results of 4F chromosome. All given numbers are non-redundant.
Number of … Chromosome 4F
No. of anchored gene loci 4,672 
